Background/Aims: Krüppel-like factor 4 (KLF4), a member of the KLF family of zinc finger transcription factors, has been identified as a tumor suppressor gene in a variety of tumors. However, the molecular mechanisms by which KLF4 inhibits epithelial-to-mesenchymal transition (EMT) and metastasis in pancreatic cancer remain unclear. Methods: KLF4 expression in pancreatic cancer was analyzed using public datasets (Oncomine and The Cancer Genome Atlas). The expression of KLF4, caveolin-1 (Cav-1), E-cadherin, and vimentin, and their correlations with clinicopathological characteristics were evaluated by immunohistochemistry in pancreatic cancer tissues. The biological functions and underlying mechanisms of KLF4 expression on EMT and metastasis were also investigated in vitro and in vivo. Results: Public datasets showed that KLF4 expression was significantly decreased in pancreatic cancer and correlated with the depth of invasion and disease stage. The expression of KLF4, Cav-1, E-cadherin, and vimentin protein in pancreatic cancer tissues was closely associated with pathological grade, disease stage, and metastasis. KLF4 expression was also positively correlated with E-cadherin expression and negatively correlated with vimentin expression, whereas Cav-1 expression was negatively associated with E-cadherin expression and positively correlated with vimentin expression. Knockdown of KLF4 expression promoted EMT and facilitated pancreatic cancer cell growth and metastasis in vitro and in vivo. In addition, immunohistochemistry (IHC) results indicated that KLF4 expression was negatively correlated with Cav-1 expression. Furthermore, down-regulating KLF4 expression increased Cav-1 and vimentin expression and decreased E-cadherin expression. Mechanistically, KLF4 could transcriptionally inhibit Cav-1 expression by binding directly to the promoter domain of Cav-1. Conclusions: KLF4 inhibits pancreatic
Introduction
Pancreatic cancer is the seventh leading cause of cancer-related deaths worldwide [1] , and the third leading cause in developed countries, with an expected 53, 670 new diagnosed cases and 43, 090 deaths in 2016 in the USA alone [2] . In China, its incidence reached 90.1 per 100, 000 people in 2015, with a mortality of approximately 79.4 per 100, 000 people [3] . Although surgery may be curative for pancreatic cancer, only less than 20% of cases at presentation constitute suitable candidates for resection [4] , with the 5-year survival rate being <10% between 2005 and 2011 in the USA. Due to its early recurrence and metastasis, the long-term prognosis of patients who undergo surgical resection remains disappointing [5] . Accordingly, a deeper insight into the molecular mechanisms underlying the progression of pancreatic cancer is needed.
Krüppel-like factor 4 (KLF4), a transcription factor containing three successive C2H2 zinc finger domains in its C-terminal [6] , is expressed widely in mammals in the digestive system, skin, and oral cavity [7] . KLF4 participates in the transcriptional regulation of a variety of oncogenes, tumor suppressor genes, and multiple signaling pathways [8] [9] [10] , which have been implicated in cell proliferation, differentiation, and apoptosis. Various studies have reported that KLF4 is involved in the development and progression of cancer, including breast cancer, gastric cancer, esophageal squamous cell carcinoma, osteosarcoma, and prostate cancer [11] [12] [13] [14] [15] . Interestingly, KLF4, which contains both transactivation and transcriptional repression domains in its N-terminal, can positively and negatively mediate tumor biology by regulating downstream target genes [16] . Recent studies have demonstrated that KLF4 expression is relatively low in pancreatic cancer tissues and cells compared with that in normal pancreatic tissues and cells, and have also revealed that decreased KLF4 expression is correlated with aggressive disease stages and metastasis [17, 18] . In addition, KLF4 overexpression inhibits pancreatic cancer cell growth and metastasis in vitro and in vivo, whereas KLF4 knockdown has the opposite effect [19] . Co-expression of KLF4 and MSI2 or CD44 is remarkably correlated with pancreatic cancer proliferation and metastasis, suggesting that KLF4 may mechanistically cooperate with other factors [20, 21] . These clinical and experimental findings indicate that KLF4 may act as a tumor suppressor gene in pancreatic cancer and is a potential target for therapeutic intervention. In breast cancer, KLF4 has been implicated in epithelial-to-mesenchymal transition (EMT) by increasing the expression of E-cadherin (an epithelial morphology biomarker), and decreasing the expression of vimentin and β-catenin (mesenchymal morphology biomarkers) [22] . Moreover, down-regulating KLF4 can increase the motility of cancer cells, indicating the fundamental roles of KLF4 in EMT and metastasis in breast cancer [22] . Nevertheless, the precise mechanisms underlying the role of KLF4 in pancreatic cancer EMT and metastasis are still poorly understood.
A great number of molecules have been implicated in the development and progression of pancreatic cancer, such as stat3 [23] , FoxM1 [24] , IL-1β and miR-29a [25] . Caveolin-1 (Cav-1), the major structural protein of plasma membrane invaginations [26] , is a key signal transducer in various human cancers [27] [28] [29] . A growing body of evidence has shown that Cav-1 acts as an oncogene, promoting cancer development and progression [30, 31] . Further studies suggested that Cav-1 can promote EMT in pancreatic cancer by down-regulating epithelial markers and up-regulating mesenchymal markers [32] . In the present study, we determined the correlation between KLF4 expression and clinicopathological features and the regulating effects of KLF4 on Cav-1 expression and function. Our identification of a novel KLF4/Cav-1 signaling pathway regulating pancreatic cancer EMT and metastasis is expected to lead to the development of new diagnostic tools and therapeutic targets.
Plasmid construction and lentivirus transduction
The full-length cDNA of KLF4 in the pcDNA3.1 vector (pKLF4) was purchased. A KLF4 shRNA lentivirus (shKLF4), with 5′-GACCAGGCACUACCGUAAAdTdT-3′ (sense) and 3′-dTdTCUGGUCCGUGAUGGCAUUU-5′ (anti-sense), was generated. pcDNA3.1 and control shRNA lentivirus were designed as the respective negative controls. pKLF4 and pcDNA3.1 were transfected into AsPC-1 cells with Lipofectamine 2000 CD (Invitrogen) before assays. In addition, cells treated with transfection reagent alone were used as mock transfection controls (mock). For lentivirus transduction, shKLF4, control shRNA lentivirus (control), or lentivirus (mock) were each transduced into cells with a multiplicity of infection of 20. Then, the stable cell lines were purified.
Immunohistochemistry (IHC)
The slices were first dewaxed in xylene and then rehydrated in an alcohol gradient of 100%, 95%, 85%, and 75%. Antigen retrieval was carried out by heating the slides after dipping them in a sodium citrate solution (0.01 M, pH 6.0) at 95°C for 30 min. Endogenous peroxidase activity was blocked by 3% H 2 O 2 for 10 min at room temperature. The samples were covered with 10% normal goat serum in phosphate buffered saline (PBS) for approximately 10 min at room temperature and then incubated with anti-KLF4 (rabbit polyclonal; Santa Cruz Biotechnology), anti-Cav-1 (mouse monoclonal; BD Biosciences), anti-Ecadherin (mouse monoclonal; Santa Cruz Biotechnology), and anti-vimentin (mouse monoclonal; Gene Tech Biotechnology) antibodies, respectively, at 4°C overnight. The slides were subsequently rinsed with PBS and incubated with peroxidase-conjugated secondary antibodies for 1 h at room temperature. The sections were washed using PBS and stained with diaminobenzidine for 5 min. The specimens were counterstained with hematoxylin after rinsing, and the slides were dehydrated. Finally, the slides were mounted with coverslips and prepared for microscopic examination.
IHC score
Staining scores were generated by 2 independent observers blinded to the clinical data on the TMA. The staining scores consist of 2 indicators: staining intensity and proportion of positive cells. Staining intensity was classified into 4 grades: no staining (0), yellow (1), yellow-brown (2), and dark brown (3) . The proportion of positive-staining cells was classified into 5 groups: <10%, marked 0; 10-25%, marked 1; 25-50%, marked 2; 50-75%, marked 3; and >75%, marked 4. The total score was equal to the product of the above 2 indicators. The total scores for KLF4, Cav-1, E-cadherin, and vimentin were divided relatively into 3 groups: negative, weak positive, and strong positive, as the total scores of ≤3, >3 but ≤6, and >6 were defined as negative, weak positive, and strong positive, respectively.
Luciferase reporter assay
The full-length promoter sequence of Cav-1 was constructed and the final full-length wild-type reporter plasmid (pLuc-Cav-1-wild) generated, which contained 7 KLF4/Cav-1-binding sites. The 7 binding sites in the Cav-1 promoter, including a putative KLF4-binding motif, were all mutated, and the mutated promoter (pGL4.27-Cav-1-mut) was synthesized. The plasmids were confirmed by DNA sequencing. To determine the transcriptional regulation of Cav-1 by KLF4, pLuc-Cav-1-wild or pGL4.27-Cav-1-mut were co-transfected into AsPC-1 cells with shKLF4 or control (50 nM). In addition, pLuc-Cav-1-wild or pGL4.27-Cav-1-mut were transfected into AsPC-1 cells with pcDNA3.1 (0.8 μg) or pcDNA3.1 (0.4 μg) and pKLF4 (0.4 μg) or pKLF4 (0.8 μg), respectively. Then, luciferase activity was detected using a luciferase reporter assay kit at 48 h after transfection. The activity of the Cav-1 promoter was normalized by the ratio of firefly luciferase activity to Renilla luciferase activity.
Animal experiments
Male athymic nude mice were purchased from Shanghai SLAC Laboratory Animal Community. The animals were maintained in the Animal Care Facility of Shanghai General Hospital. The stable AsPC-1 cell lines with shKLF4, control, and mock (1.0 × 10 6 cells in 0.1 mL Hank's balanced salt solution) were injected subcutaneously into the right scapular region of nude mice. All mice were sacrificed at 21 days after injection or when they were on the verge of death, and tumor samples were harvested and weighed. A liver metastasis animal model was constructed with AsPC-1 cells (1.0 × 10 6 cells per mouse), which were injected intravenously into the superior mesenteric vein (SMV). Livers were removed from mice sacrificed at 35 days after injection or on the verge of death. After dissection into individual lobes, liver surface metastasis was counted by 2 independent researchers who were blinded to the experimental treatment. Then, liver metastasis tissues were examined by hematoxylin and eosin (H&E) staining. The animal experiments were carried out according to the Shanghai General Hospital Animal Care and Use Guidelines, and the experimental protocols were approved by the Shanghai Resource Center of Laboratory Animals of the Chinese Academy of Science. All possible efforts were made to minimize animal suffering.
Statistical analysis
The significance in the correlation between the expression of KLF4/Cav-1/E-cadherin/vimentin and the clinicopathological parameters from the TMA specimens was determined by the Wilcoxon rank sum test. The association between KLF4 and Cav-1 expression was analyzed by pearman's test (r, P). In all tests, P < 0.05 was considered to be statistically significant. SPSS 22.0 software was used for all statistical analyses.
Results

KLF4 expression is down-regulated in pancreatic cancer tissues compared with normal pancreatic tissues in the Oncomine and The Cancer Genome Atlas (TCGA) databases
First, we browsed the Oncomine database and found that the expression of KLF4 mRNA was decreased in pancreatic adenocarcinoma (Fig. 1A) . KLF4 expression was downregulated in pancreatic ductal adenocarcinoma compared with that in adjacent normal pancreas according to TCGA (Fig. 1B1) . Further, data in TCGA showed that KLF4 expression was decreased in T4 compared with that in T1 and T2 (Fig. 1B2) , and in stages IIB, III, and IV compared with that in stages IA, IB, and IIA (Fig. 1B3 ).
KLF4 protein expression is lower in pancreatic cancer tissues compared with normal tissues, and Cav-1 expression is higher in pancreatic cancer specimens compared with normal specimens; both proteins are closely related to the pathological features of pancreatic cancer
The expression of KLF4 and Cav-1 protein was initially detected in the TMA. KLF4, mainly in the nuclear compartment and cytoplasm, gave strong staining in normal tissue, with negative or weakly positive staining in cancer tissue ( Fig. 2A) was correlated with poor tumor cell differentiation, and a significant difference in expression between grades I and II versus grade III was found (Fig. 2B ). KLF4 expression was significantly lower in stages III and IV than in stages I and II, and the low expression of KLF4 was positively correlated with aggressive disease stages ( Fig. 2C ). In addition, KLF4 expression was negatively associated with tumor metastasis, as KLF4 expression was remarkably lower in samples with distant organ or lymph node metastasis compared with tissues without metastasis (Fig. 2D ). These findings demonstrated that KLF4 plays a key role in the progression of pancreatic cancer and is a potential biomarker for this disease. Cav-1 staining was mainly detected in the membrane and cytoplasm of tumor cells, and Cav-1 expression was significantly higher in pancreatic cancer samples than in adjacent normal tissues (Fig. 2E ). IHC scores of Cav-1 were markedly higher in grade III than in grades I and II (Fig. 2F) , as well as being markedly higher in stages III and IV than in stages I and II (Fig. 2G ). In addition, Cav-1 expression was positively correlated with distant organ or lymph node metastasis (Fig. 2H) . These results showed that Cav-1 may function as an oncogenic gene in pancreatic cancer.
E-cadherin expression is down-regulated in pancreatic cancer specimens compared to normal specimens, and vimentin expression is increased in pancreatic cancer specimens compared to normal specimens; both proteins are closely involved in the pathological features of pancreatic cancer
The expression of E-cadherin and vimentin protein was also detected in the TMA. E-cadherin was mainly located in the cell membrane and cytoplasm. Our study showed that E-cadherin staining was strongly positive in normal pancreatic tissue, whereas its staining in pancreatic cancer tissue was weakly positive or negative (Fig. 3A) . The low expression of E-cadherin was observed more often in grade III pancreatic cancer than in grades I and II (Fig. 3B) . Similarly, E-cadherin expression was negative correlated with aggressive disease stages (Fig. 3C) and distant organ or lymph node metastasis (Fig. 3D) .
Vimentin staining was mainly detected in the cytoplasm of tumor cells, and vimentin expression in pancreatic cancer samples was evidently higher than that in adjacent normal tissues (Fig. 3E) . The IHC scores of vimentin were markedly higher in grade III than in grades I and II (Fig. 3F) , as well being markedly higher in stages III and IV than in stages I and II (Fig. 3G) . Vimentin expression was positively correlated with distant organ or lymph node metastasis (Fig. 3H ).
KLF4 and Cav-1 expression is closely associated with E-cadherin and vimentin expression in pancreatic cancer
To determine the relations between KLF4 and Cav-1 expression with E-cadherin and vimentin expression, we analyzed their expression using IHC. We found 41 cases that were negative for KLF4 and E-cadherin staining and 5 cases that were positive for KLF4 and E-cadherin staining (Fig. 4A ), which suggested a positive correlation between KLF4 and E-cadherin expression (r = 0.341, P < 0.01). Moreover, most of the KLF4-negative samples exhibited positive vimentin staining, which showed a negative correlation between both factors (r = -0.468, P < 0.01, Fig. 4A ). A great deal of pancreatic cancer samples with positive Cav-1 staining showed positive vimentin staining and negative E-cadherin staining, while negative Cav-1 staining samples exhibited negative vimentin staining and positive E-cadherin staining. These results indicated that Cav-1 was positively correlated with vimentin expression (r = 0.599, P < 0.01, Fig. 4B ) and negatively correlated with E-cadherin expression (r = -0.238, P < 0.01, Fig. 4B ). These data suggested that KLF4 and Cav-1 may 
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be implicated in EMT by regulating E-cadherin and vimentin expression, which affects pancreatic cancer invasion and metastasis.
Down-regulating KLF4 expression promotes EMT and the motility of pancreatic cancer cells in vitro
To investigate the effect of altered KLF4 expression on EMT and metastasis of pancreatic cancer cells, we transduced AsPC-1 cells with shKLF4 for 48 h. We observed that decreased KLF4 expression caused the typical transition from epithelial morphology to mesenchymal morphology (Fig. 5A ). In addition, the cells were scratched with a 20-μL pipette tip and incubated at 37°C for another 12 h. The down-regulation of KLF4 expression facilitated the flattening and spreading of AsPC-1 cells (Fig. 5B) . In cell migration and invasion assays, knockdown of KLF4 expression increased the number of cells permeating from the membrane Fig. 3 . E-cadherin expression is down-regulated in pancreatic cancer specimens compared with normal specimens, and vimentin expression is increased in pancreatic cancer specimens compared with normal specimens. Both proteins are closely associated with the pathological features of pancreatic cancer. A, Representative images of E-cadherin protein expression in normal pancreatic tissues and pancreatic cancer tissues are shown (×200, ×400). Note that most of the normal pancreatic tissues showed positive immunostaining for E-cadherin, whereas a large number of pancreatic cancer tissues showed negative staining. B, E-cadherin expression was negatively correlated with tumor differentiation (P<0.05); representative images of grade II and III tumors are shown (×200). C, E-cadherin expression was negatively correlated with tumor stage (P<0.05); representative images of stage II and IV tumors are shown (×200). D, E-cadherin expression was negatively correlated with tumor metastasis (P<0.05); representative images of tumors with or without distant metastasis are shown (×200). E, Representative images of vimentin protein expression in normal pancreatic tissues and pancreatic cancer tissues are shown (×200, ×400). Note that negative immunostaining for vimentin was found in the majority of normal tissues, whereas positive staining was observed in pancreatic cancer tissues. (Fig. 5C, D) , indicating that down-regulating KLF4 expression increased the ability of AsPC-1 cells to undergo migration and invasion. Consequently, our findings clearly confirmed that KLF4 is an anti-oncogene and inhibits EMT and the migration and invasion of pancreatic cancer cells.
Down-regulating KLF4 expression promotes the growth and metastasis of pancreatic cancer cells in vivo
To determine the effect of altered KLF4 expression on the growth and metastasis of pancreatic cancer cells in vivo, stable AsPC-1 cell lines with shKLF4, control, and mock were injected subcutaneously into the right inguinal region (1.0 × 10 6 cells/mouse). The weight of tumors taken from shKLF4-nude mice was statistically higher than that of tumors from the other 2 groups after 21 days (Fig. 5E, F) . In addition, these 3 stable cell lines were injected intravenously into the SMV (1.0 × 10 6 cells/mouse) of nude mice. Consistently, the number of liver metastasis nodes in shKLF4-nude mice was markedly more than in the mock and control groups on day 35 (Fig. 5G, H) . H&E staining of metastatic liver tissues is shown in Fig.  5I . These data further demonstrated that KLF4 plays an anti-oncogenic role in the growth and metastasis of pancreatic cancer.
KLF4 expression is negatively correlated with Cav-1 expression
To explore how KLF4 participates in pancreatic cancer EMT and metastasis, we examined KLF4 and Cav-1 expression in the TMA. Among the primary pancreatic cancer tissue samples, we found 34 cases with negative KLF4 expression and positive Cav-1 expression. In addition, 10 cases were found with positive KLF4 expression and negative Cav-1 expression (Fig.  6A) . These results indicated that there was a negative correlation between KLF4 and Cav-1 expression in pancreatic cancer (r = −0.419, P < 0.001, Fig. 6B ). Furthermore, western blot analysis of 5 paired pancreatic cancer tissue samples and adjacent normal pancreatic tissue samples also demonstrated a negative correlation between KLF4 and Cav-1 expression (Fig.  6C) . To determine the effect of altered KLF4 expression on Cav-1 expression, we performed a loss-of-function assay. shKLF4-mediated knockdown of KLF4 expression increased Cav-1 expression at the mRNA and protein level (Fig. 6D) . Meanwhile, down-regulating KLF4 expression decreased E-cadherin expression, but increased vimentin expression at the mRNA and protein level (Fig. 6D) . Thus, all of these results indicated that KLF4 may regulate EMT and metastasis of pancreatic cancer by down-regulating the expression of Cav-1.
KLF4 inhibits Cav-1 expression by binding directly to the Cav-1 promoter region
To identify further the underlying mechanisms by which KLF4 down-regulates Cav-1 expression, we analyzed the Cav-1 promoter sequence for possible KLF4-binding sites, and confirmed the presence of 7 putative binding sites (Fig. 6E) . A full-length Cav-1 promoter (pLuc-Cav-1-wild, containing all of the putative KLF4-binding sites) was generated. Then, we mutated all 7 of the binding sites (Fig. 6F) and synthesized a mutant promoter (pGL4.27-Cav-1-mut). To determine whether KLF4 negatively regulated Cav-1 expression at the transcriptional level, pLuc-Cav-1-wild or pGL4.27-Cav-1-mut with shKLF4 or control (50 nM) were co-transfected into AsPC-1 cells. As shown in Fig. 6G, shKLF4 significantly increased the activity of the wild-type Cav-1 promoter, whereas it had no effect on the activity of the mutant Cav-1 promoter in AsPC-1 cells. Then, pLuc-Cav-1-wild or pGL4.27-Cav-1-mut was Fig. 5 . Down-regulating KLF4 expression promotes EMT and the motility of pancreatic cancer cells in vitro, and promotes the growth and metastasis of pancreatic cancer cells in vivo. AsPC-1 cells were transduced with shKLF4, control, or mock, respectively. A, Morphology transition from typical epithelial morphology to mesenchymal morphology. B, For the cell scratchwound assay, cell cultures were photographed and cell horizontal migration was assessed by measuring gap sizes. A smaller gap was shown after 12 h in AsPC-1 cells transfected with shKLF4. C, For the cell migration assay, the cells were maintained at 37°C for an additional 16 h. The number of cells in 5 random fields in the lower surface that migrated through the membrane gap without Matrigel was counted. D, For the cell invasion assay, the cells were maintained at 37°C for an additional 24 h. The number of cells in 5 random fields in the lower surface that penetrated through the membrane gap coated with Matrigel was counted. More cells were observed in the migration and invasion assays for the cells transfected with shKLF4 than in the control and mock groups. The stable AsPC-1 cell lines with shKLF4, control, and mock were respectively injected subcutaneously into the right inguinal region of 6 nude mice (1.0 × 10 6 cells/mouse). The mice were sacrificed at 21 days after injection or when they were on the verge of death. These 3 stable cell lines were also injected intravenously into the SMV of 6 nude mice (1.0 × 10 6 cells/mouse). Livers were removed from the mice at 35 days after injection or when they were on the verge of death. Gross tumors in mice (E), liver metastasis tumors in the liver (G), and H&E-stained sections of metastatic liver tissues (I) are depicted. Tumor weight (F) and the number of liver surface metastases (H) are presented. Bars, standard error. *P<0.05 vs. mock and control. 8 μg) , respectively. pKLF4 (0.8 μg) and pKLF4 (0.4 μg) both significantly decreased the activity of the wild-type Cav-1 promoter, but did not decrease the activity of the mutant Cav-1 promoter (Fig. 6H) . Taken together, these results strongly suggested that KLF4 transcriptionally inhibits Cav-1 expression by binding directly to the Cav-1 promoter domain.
Discussion
In this study, we investigated the crucial role of KLF4 and Cav-1 in the progression of pancreatic cancer and the possible underlying mechanisms. We showed that KLF4 and Cav-1 . The results showed decreased KLF4 and E-cadherin expression and increased Cav-1 and vimentin expression at the mRNA and protein level after transfection with shKLF4. E, A schematic representation of the 7 binding sites in the Cav-1 promoter, including the putative KLF4-binding motif. F, The 7 binding sites were all mutated, and a schematic representation is shown. G, The full-length wild-type Cav-1 promoter (pLuc-Cav-1-wild) or mutant promoter (pGL4.27-Cav-1-mut) was respectively transfected into AsPC-1 cells with shKLF4 or control. Cav-1 promoter activity was detected after 48 h using a luciferase reporter assay. The results are shown as % of firefly luciferase activity vs. Renilla luciferase activity. H. pLucCav-1-wild or pGL4.27-Cav-1-mut was transfected into AsPC-1 cells with pcDNA3.1 (0.8 μg) or pcDNA3.1 (0.4 μg) and pKLF4 (0.4 μg) or pKLF4 (0.8 μg), respectively. Cav-1 promoter activity was detected after 48 h using a luciferase reporter assay. The results are shown as % of firefly luciferase activity vs. Renilla luciferase activity. Bars standard error. *P<0.05. were closely associated with the clinicopathological behavior of pancreatic cancer. In addition, both KLF4 and Cav-1 affected the expression of epithelial and mesenchymal morphology biomarkers, and KLF4 expression was negatively correlated with Cav-1 expression. Furthermore, we identified that KLF4 transcriptionally inhibited Cav-1 expression by binding to the Cav-1 promoter domain, establishing a novel KLF4/Cav-1 signaling pathway that regulates EMT and metastasis of pancreatic cancer. In summary, our clinical and experimental data demonstrated that down-regulating KLF4 expression increases Cav-1 expression and ultimately promotes EMT and metastasis of pancreatic cancer. KLF4, a zinc finger-type transcription factor, has been demonstrated to participate in the transcriptional regulation of a variety of oncogenes and tumor suppressors [33] [34] [35] . However, KLF4 plays a dual functional role in cancer development and progression, acting as an oncogene or anti-oncogene. For example, KLF4 acts as a tumor suppressor to suppress the cell migration and invasion of esophageal cancer [36] . In addition, Zhang et al. reported that KLF4 transcriptionally represses β-catenin expression and inhibits the proliferation, invasion, and metastasis of gastric cancer [37] . Moreover, KLF4 expression is markedly down-regulated in colon cancer, and the loss of KLF4 can serve as an independent predictor of its recurrence and survival [38] . However, KLF4 reportedly acts as an oncogene in melanoma and prostate cancer [39, 40] . The dual function of KLF4 in cancer biological behavior may shift depending on tumor type, tumor stage, and research approach. In the current study, we listed several lines of evidence to prove that KLF4 is a tumor suppressor in pancreatic cancer. First, clinical data indicated that KLF4 was down-regulated in pancreatic cancer tissue compared with normal pancreatic tissue. Furthermore, KLF4 expression was negatively correlated with tumor differentiation, disease stage, and lymph node or distant organ metastasis. In addition, experimental data indicated that KLF4 knockdown promoted pancreatic cancer cell growth and metastasis in vitro and in vivo, indicating that KLF4 inhibits pancreatic cancer invasion and metastasis. Thus, our clinical and experimental data all identified KLF4 as a tumor suppressor in pancreatic cancer, which is in agreement with recent studies [17] [18] [19] [20] [21] .
Mounting evidence indicates that EMT plays a critical role in cancer metastasis [41] [42] [43] [44] . In the present study, IHC results suggested that KLF4 expression is positively correlated with the expression of E-cadherin and negatively associated with the expression of vimentin. Moreover, KLF4 knockdown decreased E-cadherin expression and elevated vimentin expression in AsPC-1 cells. Specifically, decreased KLF4 expression promoted the transition from a typical epithelial morphology to a typical mesenchymal morphology in AsPC-1 cells. Our results were consistent with recent publications. For example, the overexpression of KLF4 increased E-cadherin expression, but decreased vimentin expression and subsequently inhibited EMT in lung cancer [45] . Also, KLF4 overexpression inhibited EMT in hepatocellular carcinoma by reducing the effects of other factors [46] . Taken together, we have clearly demonstrated that KLF4 can inhibit EMT in pancreatic cancer by increasing E-cadherin expression and decreasing vimentin expression.
In order to investigate the underlying mechanisms of KLF4 expression on pancreatic cancer progression, we explored its targets for downstream genes. Our study proved that Cav-1, an important constituent of caveolae and involved in multiple cell-signaling events, may be a new downstream target of KLF4. Further, our results showed that high levels of Cav-1 expression were associated with poorer tumor differentiation, progressive disease stage, and lymph node or distant organ metastasis. More importantly, KLF4 expression was negatively correlated with Cav-1 expression, as shown by IHC and western blot analyses. Additionally, knockdown of KLF4 expression elevated Cav-1 expression. Furthermore, bioinformatics analysis showed that there were 7 putative binding sites in the Cav-1 promoter, including a putative KLF4-binding motif. We constructed the full-length Cav-1 promoter and muted all 7 of these binding sites. A luciferase reporter assay demonstrated that KLF4 can bind directly to specific Cav-1 promoter elements and negatively regulate Cav-1 expression transcriptionally. Collectively, KLF4 may be involved in pancreatic cancer progression by negatively regulating Cav-1 expression. Cav-1 expression was negatively correlated with E-cadherin expression, but positively correlated with vimentin expression. Our previous research indicated that Cav-1 can regulate the expression of E-cadherin and then regulate EMT in pancreatic cancer [32, 47] . We speculate that KLF4 may regulate EMT in pancreatic cancer by negatively regulating Cav-1 expression. However, some reports have shown that KLF4 can directly regulate the expression of E-cadherin and vimentin [45, 48] . Thus, KLF4 may regulate EMT by directly regulating E-cadherin and vimentin expression. In summary, our study established a novel KLF4/Cav-1 signaling pathway and demonstrated its crucial role in the progression of pancreatic cancer.
It has been reported that KLF4 can transcriptionally regulate many other genes. In colon cancer, KLF4 protein can bind directly to the IFITM3 promoter and transcriptionally inhibit IFITM3 expression [49] . Li et al. demonstrated that KLF4 could negatively regulate FoxM1 expression in gastric cancer using luciferase reporter and chromatin immunoprecipitation assays [50] . Recently, KLF4 was reported to trans-activate HNF-6 expression-induced tumor cell differentiation and repress hepatocellular carcinoma invasion and migration [51] . In addition, KLF4 acts as an anti-oncogene in lung cancer by inhibiting hTERT expression and telomerase activity [52] . However, KLF4 may also be regulated by some other factors. In gastric cancer, miR-32, acting as an oncogenic microRNA, was shown to bind to the 3′-untranslated region of KLF4 mRNA and inhibit KLF4 mRNA translation for protein production [53] . In addition, miR-152 can regulate KLF4 expression in the same manner in glioblastoma [54] . Thus, KLF4 is involved in various regulatory mechanisms, but the crosstalk between these pathways has yet to be identified in pancreatic cancer.
Conclusion
In summary, the present study has not only presented critical insights into the role of KLF4 in the progression of pancreatic cancer but also uncovered a correlation between KLF4 and Cav-1 expression. Furthermore, a novel KLF4/Cav-1 signaling pathway in EMT and metastasis was identified. Collectively, our results have identified an original molecular mechanism for KLF4 in the progression of pancreatic cancer, and revealed that dysregulated KLF4/Cav-1 signaling is a prospective molecular target for the design of novel therapeutic methods to prevent the progression of pancreatic cancer. However, deeper investigations are needed to elaborate further the dysregulation and biological roles of KLF4 in pancreatic cancer. 
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